Searches for a nucleon decay into a charged anti-lepton (e + or µ + ) plus a light meson (π 0 , π − , η, ρ 0 , ρ − , ω) were performed using the Super-Kamiokande I and II data. Twelve nucleon decay modes were searched for. The total exposure is 140.9 kiloton·years, which includes a 91.7 kiloton·year exposure (1489.2 live days) of Super-Kamiokande-I and a 49.2 kiloton·year exposure (798.6 live days) of Super-Kamiokande-II. The number of candidate events in the data was consistent with the atmospheric neutrino background expectation. No significant evidence for a nucleon decay was observed in the data. Thus, lower limits on the nucleon partial lifetime at 90% confidence level were obtained. The limits range from 3.6 × 10 31 to 8.2 × 10 33 years, depending on the decay modes. 
I. INTRODUCTION
The standard model of particle physics has been successful in explaining most experimental results. However, it contains many empirical parameters, such as masses and generations of fermions, coupling constants, mixing angles, and so on. Grand Unified Theories (GUTs) have been proposed to account for these parameters. The basic idea of GUTs is that the SU(2)×U(1) symmetry of electroweak interactions and the SU(3) color symmetry of strong interactions are incorporated into a larger symmetry group broken at an ultra-high energy scale. GUTs predict new interactions in which leptons and quarks can transform one into the other by exchanging a super-heavy gauge boson. This type of interaction can lead to baryon number violating nucleon decays. The simplest GUT, minimal SU(5) [1] , predicts the partial lifetime of a proton via the mode p → e + π 0 to be ∼ 10 31±1 years [2, 3] , which was excluded by the IMB and KAMIOKANDE experiments [4, 5] .
There are various viable GUTs (see, e.g., [6] [7] [8] [9] [10] [11] [12] ), such as models incorporating supersymmetry (SUSY), models with a symmetry group like SO(10), flipped SU(5) models, and models in extra dimensions. Predictions for the lifetime of the nucleon strongly depend on the models and also have large uncertainties. Some models predict the partial lifetime of the proton to be in the accessible range of the Super-Kamiokande experiment.
The Super-Kamiokande collaboration previously published the results of p → e + π 0 and p → µ + π 0 searches [13] . Updated results have also been presented since that time [14] . No candidate events for proton decay were found. Although the p → e + π 0 mode is considered to be the dominant decay mode in many GUT models, branching ratios for the other modes are not necessarily negligible. Many possibilities for nucleon decays are theoretically proposed. In some SU(5) and SO (10) GUT models ( [15] [16] [17] [18] ), branching ratios for p → e + η, p → e + ρ 0 or p → e + ω can be as high as 10 ∼ 20% and the proton and bound neutron lifetimes are expected to be comparable to each other. Also, N → µ + +meson modes can be induced by mixing effects between lepton families. Though typical SU(5) GUT models predict very small branching ratios for the muon modes (see, e.g., [15, 19] ), the flipped SU(5) GUT [12] shows that the p → µ + π 0 mode can have a comparable branching ratio with the p → e + π 0 mode. Therefore, nucleon decay modes mediated by the exchange of super-heavy gauge bosons are important for most of the GUT models. In spite of the importance of investigating all possible decay modes, so * Present address: University of California, Berkeley, CA 94720, USA † Deceased.
far only the p → e + π 0 and p → µ + π 0 searches, and the searches for several modes favored by SUSY GUTs [20] have been published by the Super-Kamiokande experiment. In this paper, we search for nucleon decays into a charged anti-lepton (e + and µ + ) plus an un-flavored light meson (π, η, ρ and ω) using the Super-Kamiokande I and II data. Eight modes were studied for proton decay, and four for neutron decay. The results of the p → e + π 0 and p → µ + π 0 mode are identical to those reported in an earlier Letter [13] , however more details of the analysis are described in this paper. In addition, we briefly report the results of the search in these two channels based on a longer exposure including Super-Kamiokande III and IV data.
II. SUPER-KAMIOKANDE DETECTOR
Super-Kamiokande is a 50-kiloton water Cherenkov detector located in the Kamioka Observatory in Japan, under ∼1000 m of rock overburden. The Super-Kamiokande detector is made of a cylindrical stainless steel tank, 39.3 m in diameter and 41.4 m in height. The detector is optically separated into two regions: an inner detector (ID), and an outer detector (OD). On the surface of the ID, 20-inch photomultiplier tubes (PMTs) are uniformly attached to detect Cherenkov light radiated by relativistic charged particles. The OD, which surrounds the ID with a 2 m thickness of water, is used to reject cosmic ray muon events and to tag exiting charged particles with 1,885 outward-facing 8-inch PMTs. The OD region also serves as a shield from radioactivity from materials outside the detector wall.
The Super-Kamiokande experiment started datataking in April, 1996, and had continued observation for five years until the detector maintenance in July 2001 (SK-I). On November 2001, while filling the tank with water after the maintenance, an accident occurred which destroyed more than half of the PMTs. The detector was partially rebuilt with half the density of photo-sensor coverage in the ID. Observation began again in October 2002 and stopped in October 2005 (SK-II) for a full detector reconstruction. The next phase, SK-III, started October 2006 and was switched to SK-IV with newly developed electronics and online systems in September 2008. This paper reports nucleon decay search results from the first two periods: SK-I and SK-II. The ID photo-sensor coverage in the SK-I period was 40% with 11,146 20-inch PMTs. In the SK-II period, the coverage reduced to 19% with 5,182 20-inch PMTs. All of the ID PMTs have been equipped with acrylic covers and fiber-reinforced plastic cases since the start of SK-II to avoid a cascade of implosions of PMTs. Details of the detector configuration and performance for SK-I have been published [21] .
III. SIMULATION A. Nucleon Decay Simulation
In order to estimate the detection efficiencies of nucleon decays, a nucleon decay Monte Carlo (MC) simulation was developed. The number of background events was estimated by simulations of the atmospheric neutrino flux and neutrino interactions.
In an H 2 O molecule, there are two free protons in the hydrogen nuclei, and eight bound protons and eight bound neutrons in the oxygen nucleus. The decay probabilities of free protons and bound protons were assumed to be equal in the simulation. All of the decay modes studied in this analysis are two-body decays, meaning that the charged lepton and meson are back-to-back with a monochromatic momentum in the nucleon rest frame.
For the decay of bound nucleons in oxygen, the simulation takes into account the effect of Fermi motion of the nucleons, correlation with another nucleon, and mesonnucleon interactions in the nucleus (nuclear effects). Nucleon momentum and nuclear binding energy in the nucleus were calculated as described in [22] . Good agreement of the calculations with an electron scattering experiment on 12 C is also shown in [22] . Mesons generated in an oxygen nucleus interact with nucleons until they escape from the nucleus. The position of the nucleon decay in a nucleus was determined by the Woods-Saxon nuclear density distribution in the simulation. From this position, π, η and ω mesons were tracked in an oxygen nucleus. The lifetime of the ρ meson is so short (βγτ ≃ 0.3 fm) that it decays immediately inside the nucleus into 2 π mesons; therefore, the nuclear effects of the ρ meson itself were not considered in the simulation. The mass of the ρ meson was assumed to have a Breit-Wigner type distribution with a width of Γ = 149 MeV. For these reasons, particles generated via the modes including a ρ meson do not have monochromatic momentum, even in the case of free proton decay.
Ten percent of nucleons in oxygen were assumed to decay correlating with another nucleon [23] . In such correlated decay events, the invariant mass of e + and π 0 is smaller than the mass of the nucleon because of the invisible momentum of another correlated nucleon. Simulated particles of nucleon decays and atmospheric neutrino interactions were passed through a GEANT-3 [24] custom detector simulation. Hadronic interactions were treated by CALOR [25] for nucleons and charged pions of p π > 500 MeV/c, and by a custom simulation program [26] for charged pions of p π ≤ 500 MeV/c.
π Meson Nuclear Effects
In considering pion nuclear effects, inelastic scattering, absorption, charge exchange and pion production were taken into account in the simulation. Pion production hardly occurs in nucleon decay events since the cross-section for low momentum pions (p π < 500 MeV/c) is negligibly small. Cross-sections for these processes were calculated based on the model of Oset et al. [27] . The angular and momentum distributions of pions were determined from the results of π-N scattering experiments [28] . Because of the Pauli exclusion principle, the momentum of the scattered nucleon is required to be greater than the Fermi surface momentum, given by p F (r) = , where ρ(r) is the nuclear density distribution and r is the distance from the center of the nucleus.
The π 0 momentum from the decay mode of p → e + π 0 is 459 MeV/c in the rest frame of the nucleon. At this momentum, 37% of π 0 s were simulated to be absorbed or charged-exchanged in the nucleus. This is a major reason for the inefficiency of the p → e + π 0 and p → µ + π 0 modes. The probability for a π 0 to escape from a nucleus without any scattering was estimated to be 44%.
η Meson Nuclear Effect
The interactions of ηs and nucleons in the nucleus were considered through a baryon resonance of S 11 (1535).
The cross-section for η-nucleon interactions shown in Fig. 1 was calculated by the Breit-Wigner formula as follows:
where E CMS is the center-of-mass energy of η-N , M res is the mass of the resonance, Γ total is the total width of S(1535) resonance, Γ ηN is the partial width of S(1535) → ηN , and k is the wave number (p/ ). The net nuclear effect of η-meson in an oxygen nucleus is estimated by using this cross-section as well as considering the nuclear density distribution, nucleon momentum distribution and the Pauli exclusion principle effect in an nucleus. Since pions can be generated by the decay of the resonance, nuclear effects for π mesons were also considered according to Section III A 1. Approximately 56% of η mesons generated by p → e + η escaped from the nucleus without any scattering, while 38% of η mesons were absorbed or decayed into other particles from the resonance.
The η meson nuclear effects simulation were checked by a comparison with the experimental cross-section of η photoproduction on a 12 C target measured at MAINZ [29] . Since photons are insensitive to strong interactions and able to probe the inside of nuclei, meson photoproduction data were used for the study of the nuclear effects. The peak momentum of the η meson in the photoproduction experiment is approximately 300 MeV/c, which is equivalent to the η momentum generated by p → e + (or µ + ) η. In order to simulate the η photoproduction on a 12 C target, η mesons were generated following the cross-section data of a proton target from the SAID calculation [30] , and tracked in nuclei while suffering the η-N interaction described above. The cross-section on a neutron was assumed to be 2/3 of that of a proton target, since this assumption reproduces the experimental cross-sections of a deuteron target [31] . Figure 2 shows a comparison of the experimental η photoproduction cross-section for a 12 C target and the cross-section simulated by our nuclear effects simulation. The simulation predicted well the reduction of the photoproduction cross-section by the nuclear effects. The difference between the experiment and the simulation was taken as the uncertainty of the η nuclear effects. The uncertainty of the cross-section of the η nuclear effects was estimated to be a factor of two.
ω Meson Nuclear Effect
The width of the ω meson resonance is Γ = 8.49 MeV and its lifetime is τ = /Γ = 0.77 × 10 −22 sec. In the proton decay of p → e + ω, the ω meson momentum is ∼140 MeV/c so that the mean free path (βγτ ) of the ω meson is ∼4 fm. The decay of ω's was taken into account in the ω meson tracking in the nucleus because the mean free path is comparable to the size of the radius of a nucleus.
The ω meson interactions with a nucleon in an oxygen nucleus were calculated with a boson exchange model by Lykasov et al. [32] . The coupling constants and the form factor of this model were fixed by the experimental data. The simulation takes into account reactions such [29] are shown as circles. The solid line shows the simulated production cross-section, and its shaded region corresponds to a factor 2 difference in the cross-section of η nuclear effects. The dashed line shows the production cross-section without nuclear effects.
ωN → ππN ′ and ωN → σN . Approximately 53% of ω mesons generated in p → e + ω decayed in the nucleus. Therefore, the nuclear effects of secondary pions was also considered.
The CBELSA/TAPS collaboration measured the ω photoproduction cross section on the various nucleus targets of C, Ca, Nb and Pb [33] . They extracted the ωN cross section from the photoproduction cross-sections and compared it with the calculated cross-section by Lykasov et al.. The cross-section obtained by the experiment is approximately 3 times larger at most than the calculated cross-section. We took this difference as an uncertainty in the cross-section of ω meson nuclear effects.
B. Atmospheric Neutrino Simulation
Atmospheric neutrino interactions are backgrounds for nucleon decay searches in Super-Kamiokande. Charged current single (multi) pion production can be the dominant background source for the search modes. A charged current quasi-elastic scattering can also contribute the background because a nucleon produced by the neutrino interaction can produce pions by hadronic interactions in water. Atmospheric neutrino events were simulated using the NEUT [34] neutrino interaction MC with an atmospheric neutrino flux calculated by Honda et al. [35] . Complete details of the simulation are described in [36] . Atmospheric neutrino simulation MC equivalent to a 500-year observation (11.25 megaton·year exposure) were generated to estimate the nucleon decay search background for each SK-I and SK-II. Pure ν µ to ν τ oscillation with ∆m 2 = 2.5 × 10 −3 eV 2 and sin 2 2θ = 1.0 was assumed for the estimation.
IV. DATA SET AND DATA REDUCTION
We used data from a 91.7 kiloton·year exposure of 1489.2 live days during SK-I and a 49.2 kiloton·year exposure of 798.6 live days of during SK-II. The data acquisition trigger threshold for this analysis corresponds to a 5.7 MeV electron in SK-I and 8 MeV in SK-II. The trigger rate was about 11 Hz, resulting in approximately 10 6 events every day. Most of those are events caused by a cosmic ray muon, or a low energy background from the radioactivity of materials around the detector wall, or flashing PMTs. Several stages of data reduction were applied to these events before proceeding to further detailed event reconstruction processes that are described in Section V. The details of the data reduction can be found in [36] .
For nucleon decay searches, fully contained (FC) events, which have an activity only in the inner detector, were selected by requiring a vertex to be inside the 22.5 kiloton fiducial volume (2m away from the ID detector wall), visible energy to be greater than 30 MeV and no hit-PMT clusters in the outer detector. The rate of FC events was 8.18 ± 0.07 (stat.) events per day for SK-I and 8.26 ± 0.10(stat.) events per day for SK-II. In total, we obtained 12232 and 6584 FC events in the SK-I and SK-II data, respectively. The background contamination other than atmospheric neutrinos was estimated to be less than 1%.
The same reduction criteria were also applied to the nucleon decay MC. For nucleon decays via the N → e + meson modes, the reduction survival efficiencies were estimated to be greater than 97%. On the other hand, for the N → µ + (ρ or ω) modes, the survival efficiencies are relatively lower because the muon can be invisible due to the large meson mass, and because the meson sometimes cannot escape from the nucleus or it can be immediately absorbed by nucleons in water. That results in no detectable event signal in a water Cherenkov detector. The reduction survival efficiencies for all of the search modes are shown in Table I . Event reconstruction processes were applied to the fully contained events which passed the data reduction. The same reconstruction algorithms were applied both for the observed data and the MC simulation. Most of the processes are common with atmospheric neutrino analyses in Super-Kamiokande. The details of their algorithms are described in [36] .
A vertex position was determined by the time-of-flight subtracted timing distribution. Vertex resolutions for the free proton decay events of p → e + π 0 are 18.1 (20.1) cm in SK-I (SK-II). A particle identification (PID) algorithm classified found Cherenkov rings into shower-type (e-like) or non shower-type (µ-like). This classification basically exploits the ring pattern difference between a fuzzy ring pattern of electromagnetic showers by an electron or a gamma-ray and a sharper Cherenkov ring edge produced by a muon or a charged pion. The misidentification probabilities for the free proton decay MC samples were estimated to be 3.3% (3.4%) and 4.8% (5.4%) for p → e + π 0 and p → µ + π 0 respectively, in SK-I (SK-II). Additionally, for nucleon decay searches expecting a low momentum muon and/or a charged pion, a reconstructed Cherenkov opening angle was also used to improve the PID efficiency.
The momentum of each ring was estimated by the charge detected inside each Cherenkov ring cone. In multi-ring events such as nucleon decay events, Cherenkov photons radiated from different particles pile up in each PMT. The detected charge at each PMT was separated into the contribution from each particle using an expected charge distribution which takes into account light scattering in water, reflection on PMT surfaces and the vertex shift due to the γ's conversion length. The momentum resolutions for the proton decay MC were estimated by the monochromatic momentum positron of p → e + π 0 to be 4.9% in SK-I and 6.0% in SK-II, as shown in Fig. 3 . Likewise, the muon momentum resolution was found from (p → µ + π 0 ) to be 2.8% in SK-I and 4.1% in SK-II. The momentum of charged pions is more difficult to reconstruct using only the total detected charge because charged pions suffer from interactions with nucleons in the water. The momentum resolution for charged pions was improved by using the Cherenkov opening angle as well as the total charge. The momentum resolution for charged pions in the n → e + π − MC was estimated to be 9.2% (9.7%) in SK-I (SK-II). Figure 4 shows the charged pion momentum distribution in n → e + π − , including the smearing of the true pion momentum due to the Fermi motion of a decaying nucleon. 
B. Calibration
The characterization of the Super-Kamiokande detector has been performed in a variety of calibrations, which are described in detail in [21, 36] . One of the most important calibrations for nucleon decay searches is the determination of the energy scale because we distinguish nucleon decay events from atmospheric neutrino events using their total invariant mass and momentum.
The absolute momentum scale was checked by the Michel electron momentum spectrum from stopping muons, the invariant mass of π 0 s, and the Cherenkov opening angles and track lengths of stopping muons. The calibrated momentum ranges from a few tens of MeV/c to about 10 GeV/c. The uncertainty of the absolute momentum scale was estimated to be less than 0.74% (1.60%) for SK-I (SK-II). The time variation of the momentum scale was monitored by stopping muon and Michel electron events and estimated to be 0.83% (0.53%) in RMS for SK-I (SK-II).
The detector non-uniformity of the energy scale is also important for the systematic error of the total momentum reconstruction. It was checked by the Michel electron momentum to be uniform within ±0.6% for both SK-I and SK-II.
VI. NUCLEON DECAY ANALYSIS
A. Event Selection
Summary of Selection Criteria
The data used in this nucleon decay search are the FC data from the SK-I and SK-II periods. We have to extract only nucleon decay signals from the FC data which are dominated by atmospheric neutrino events. Using the nucleon decay simulation and the atmospheric neutrino simulation, optimal criteria were determined. The atmospheric neutrino MC was normalized with the observed data using the number of single-ring e-like events, which are assumed to have a negligible neutrino oscillation effect. In order to study many nucleon decay modes systematically, event selection criteria were chosen to be as simple and common as possible. The primary for determining the criteria was to obtain a low enough background level.
The following reconstructed information was used in the event selection criteria:
1. the number of Cherenkov rings, 2. the particle type of each ring, 3. the meson invariant mass (if it is possible to be reconstructed),
4. the number of Michel electrons, 5. the total invariant mass and the total momentum (if it is possible to be reconstructed).
The detailed numbers of event selection criteria for all the searches are summarized in Table II . All of the nucleon decay modes in this study are expected to have multiple Cherenkov rings. The criterion and efficiency of the number of rings cut for each mode are shown in Table III . More than half of the atmospheric neutrino MC events are single-ring events, as shown in Fig. 5 , and they were rejected by the cut on number of rings.
For the particle identification, two types of algorithm were used in this analysis, as described in Section V A. The PID using both a Cherenkov ring pattern and an opening angle was used for the modes in which we search for low momentum muons (p µ <∼ 300 MeV/c) or charged pions.
The number of Michel electrons was required to be consistent with a nucleon decay signal. With this requirement, the background events can be effectively reduced, while the loss of the signal detection efficiency is negligible for the modes in which no Michel electrons are expected.
The total momentum P tot , the total energy E tot , and the total invariant mass M tot are defined as:
where p i is the momentum of each Cherenkov ring, and m i is the mass of a particle (γ, e ± , µ ± , π ± ). The meson mass is reconstructed in a similar way by summing up the momenta and energies of secondary particles from the meson decay. Although our particle identification algorithm can only classify a Cherenkov ring into a showertype ring (e ± or γ) or a non shower-type ring (µ ± or π ± ), the invariant mass reconstruction in some modes requires the ability to distinguish e ± from γ or µ ± from π ± . For example, for the π 0 invariant mass reconstruction in the p → e + π 0 mode search, we should identify each Cherenkov ring as originating from a positron or a γ-ray. However, that cannot be done in a large water Cherenkov detector. In these cases, the invariant mass was calculated for all possible combinations of particle type assignment. Then, the best combination in which the reconstructed mass is the closest to the expected nucleon (or meson) mass, is selected. All of the studied nucleon decay modes are two-body decays with backto-back kinematics, and have isotropic event signatures, which is the most significant difference from typical atmospheric neutrino events. Therefore, the event selection by total momentum and total invariant mass is a powerful tool to eliminate the atmospheric neutrino background as can be found in Fig. 6 . The total momentum cut threshold is set to be 250 MeV/c for most searches considering the Fermi motion of bound nucleons. To keep the background rates low enough (below 0.5 events in the total exposure), a tighter total momentum cut with a threshold of 150 (or 200) MeV/c is applied in some relatively high-background mode searches. 
In the proton decay of p → e + π 0 (p → µ + π 0 ), a neutral pion and a positron (muon) are back-to-back and have the same momentum of 459 (453) MeV/c in the proton rest frame. The neutral pion immediately decays into two γ-rays. Figure 7 shows the event signature of a typical proton decay MC event for p → e + π 0 . One shower-type ring from the positron and two shower-type rings from the π 0 are clearly seen in this figure. The two γ-rays from the π 0 decay are back-to-back in the π 0 rest frame. They are Lorentz-boosted by the π 0 momentum of ∼ 450 MeV/c, so the momentum of one of the two γ-rays in the laboratory frame can be very low depending on the direction of the Lorentz boost. In such a case, it sometimes happens that only one ring from π 0 decay is identified. For free proton decays of p → e + π 0 , the fraction of two-ring and three-ring events identified was 39% and 60%, respectively.
If all three rings were found, the π 0 invariant mass, which is reconstructed by two of the three rings, was required to be between 85 and 185 MeV/c. The reconstructed π 0 invariant mass distribution for the proton decay MC is shown in Fig. 8 . For free proton decay events of p → e + π 0 , the mean of the reconstructed π 0 invariant mass is 137 MeV/c 2 , and its resolution is 20 MeV/c 2 . The final criterion of total invariant mass and momentum selects the events which are consistent with the momentum and mass of a parent proton. Figure 9 shows the distribution of the total invariant mass. For free proton decay events, the total invariant mass was well reconstructed. The resolution of the total invariant mass distribution is 28.2 (36.2) MeV/c 2 in SK-I (SK-II). The resolution of the total momentum is 29.8 (32.5) MeV/c. The total momentum and invariant mass cut was wide
TABLE II. Summary of the selection criteria. The numbers in parentheses correspond to the numbers of selection criteria described in Section VI A 1. For example, for the p → µ + η (3π 0 ) mode, this table means that the selection criteria requires that (1) the number of Cherenkov rings is 4 or 5, (2) one ring is non shower-type and all other rings are shower-type, (3) reconstructed η meson invariant mass is in between 400 and 700 MeV/c 2 , (4) the number of Michel electron is 1, and (5) reconstructed total invariant mass is in between 800 and 1050 MeV/c 2 and reconstructed total momentum is less than 250 MeV/c. S and N in the PID column stand for shower-type rings and non shower-type rings, respectively. Asterisks in PID indicate that a PID using both Cherenkov ring pattern and opening angle was used for identifying low momentum muons (pµ <∼ 300 MeV/c) or charged pions. All the invariant mass and momenta are written in units of MeV/c 2 and MeV/c, respectively. For the p → e + ω (3π) mode, a positron momentum cut is applied (100 < P e + < 200). For the n → l + ρ − mode, a π 0 invariant mass cut is also applied. (5) total invariant mass and total momentum. The plot shows three nucleon decay mode searches: the mode with highest efficiency (p → e + π 0 ), the mode with the greatest number of rings (p → e + η (η → 3π 0 )) and the mode using PID with both Cherenkov ring pattern and opening angle (p → µ + ρ 0 ). The number of observed events and the estimated background rates agree with each other. Also, the searches in SK-I and SK-II are compared. enough for free proton decay events. The total momentum and total invariant mass distributions of the proton decay MC and the atmospheric neutrino MC are clearly different from each other, as shown in Fig. 10 . This criterion reduces the atmospheric neutrino background by more than three orders of magnitude, as shown in Fig. 6 .
The detection efficiency for p → e + π 0 was estimated to be 44.6 (43.5)% in SK-I (SK-II). The inefficiency is mainly due to nuclear interaction effects of pions in 16 O. For free proton decay events, high efficiencies of 87% (86%) were achieved for p → e + π 0 . As for the p → µ + π 0 mode search, differences in the selection criteria from the p → e + π 0 mode are the requirement of one non showertype ring and one Michel electron. The detection efficiency for a Michel electron from the decay of µ was approximately 80%. This is the reason for the detection efficiency difference between p → e + π 0 and p → µ + π 0 . The detection efficiency for the p → µ + π 0 mode was estimated to be 35.5% (34.7%) in SK-I (SK-II).
The background events for p → e + π 0 and p → µ + π 0 were estimated to be 0.31 and 0.34 events in total for SK-I and SK-II, respectively. The background rates for p → e + π 0 in SK-I and SK-II are 2.1 and 2.2 events/(megaton·years), respectively. Therefore, low-background observations with high efficiency were achieved for these modes in the Super-Kamiokande detector, both in the SK-I and SK-II periods. The background for p → e + π 0 was also estimated from the experimental data of the K2K ν beam and 1-kiloton wa- ter Cherenkov detector [37] . The number of expected background events estimated from the K2K data is 0.23
+0.06 −0.07 (sys.) events for the exposure of SK-I plus SK-II, which is consistent with the estimate from our MC. The background estimate was also compared with a different neutrino interaction MC, NUANCE [38] . The number of background events estimated by NUANCE was 0.27 ± 0.10 events (in SK-I+SK-II), which is also consistent with our primary estimate. These results are summarized in Table IV with the results of all the other studied modes.
The η meson has three dominant decay modes; we search for two of the three modes: η → 2γ (Br=39%) and η → 3π 0 (Br=33%). The mass of η meson is 548 MeV/c 2 . Because its mass is larger than the π 0 mass, the generated charged lepton and η meson have smaller momentum, ∼300 MeV/c in the proton rest frame, compared with the momentum of generated particles in the p → l + π 0 modes. For the p → µ + η mode, PID with Cherenkov ring pattern and opening angle was used to improve the PID for a low momentum µ ring. This is common for both meson decay modes of p → µ + η. Figure 11 shows the total momentum and total invariant mass distributions of the p → l + η modes. Compared with the p → l + π 0 modes many fewer events in both the atmospheric neutrino MC and observed data survive the selection criteria except for the total momentum and invariant mass cut. That is because a significant number of atmospheric neutrino events with π 0 production can survive the selection criteria (except for the total momentum and invariant mass cut) for the p → l + π 0 modes while the number of atmospheric neutrino events with η production are negligible.
These modes have very similar event signatures with p → e + π 0 and p → µ + π 0 . However, the momentum of the two γ-rays in the η meson rest frame is 274 MeV/c, which is much larger than that in p → e + π 0 and p → µ + π 0 . The opening angle between the two γ-rays from the η meson decay is about 132 degrees in the laboratory frame. Therefore, three Cherenkov rings are clearly visible and can easily be separated so that the number of Cherenkov rings is required to be three. The fraction of three-ring events in the free proton decay event is greater than 90%.
Because only the three-ring events survive the number of rings cut, an η invariant mass cut was applied to all of the surviving events. Figure 12 (left panels) shows the reconstructed invariant mass of the η meson for the proton decay MC in the p → e + η mode. The η invariant mass was well reconstructed.
Mode In these proton decay modes, the η meson decays into three π 0 s, and the three π 0 s immediately decay into six γ-rays. Therefore, one ring from a charged lepton and six rings from the γ-rays can be observed in principle. However, our Cherenkov ring counting algorithm is only capable of finding up to five rings. Consequently, the criterion of the number of rings was applied to select events with four or five rings. In SK-I free proton decay events of the η → 3π 0 mode of p → e + η (p → µ + η), 77% (84%) of the events satisfy the criterion.
The invariant mass of the η meson was reconstructed using only three or four shower-type rings, though there should be 6 rings from the 3π 0 s. This resulted in a worse invariant mass resolution for the η meson. Therefore, the event selection window of the η invariant mass was larger than that in the search via the η → 2γ mode as shown in Table II. As shown in Fig. 11 , the background rates for p → e + η (3π) were not low enough if the standard event selection criteria of P tot < 250 MeV/c was applied. In order to further reduce the background, the tighter total momentum cut of P tot < 150 MeV/c was applied for the p → e + η mode. These events satisfy the event selection criteria except for the selection by the total momentum and total mass. The boxes in figures indicate the total momentum and mass criteria. The points in the boxes of the atmospheric neutrino MC are shown in a larger size to show the distributions in the signal box. No candidates were found for either p → e + π 0 or p → µ + π 0 in the data.
Two of the ω meson decay modes were searched for in this study. One is the ω → π + π − π 0 mode (Br=89%), and the other is the ω → π 0 γ mode (Br=9%). The momentum of a generated charged lepton and an ω meson is 143 (105) MeV/c 2 in p → e + ω (p → µ + ω). For the p → µ + ω mode, the muon momentum is lower than the Cherenkov threshold, and the muon ring cannot be observed. Therefore, the existence of the muon is indicated only by detection of the Michel electron from the muon decay. The ω meson suffers from nuclear effects in the 
. The boxes in figures indicate the total momentum and mass criteria. These events satisfy the event selection criteria for each mode except for the selection on the total momentum and total mass. Two candidates for p → µ + η (3π 0 ) were found in the SK-II data.
case of a decay in an 16 O nucleus. Only ∼ 20% of the ω mesons could escape from the nucleus. This causes the inefficiency for these two search modes.
In the ω → π 0 γ decay mode, the π 0 decays into two γ-rays, and three showertype rings can be observed from the decays of the ω meson. The π 0 momentum from the ω decay is approxi- mately 380 MeV/c in the ω meson rest frame. For same reason as in p → e + π 0 or p → µ + π 0 , one of the two rings from the π 0 decay has a certain probability of not being identified. Therefore, two or three shower-type rings were required from the ω meson decay, and one more showertype rings from e + was required only in the case of the p → e + ω mode. The fraction of events with 3 or 4 rings (2 or 3 rings) was 95% (97%) for the SK-I free proton decay of the ω → π 0 γ mode for p → e + ω (p → µ + ω).
The ω invariant mass was reconstructed using all detected rings for the p → µ + ω mode. For the p → e + ω mode, the invariant mass was reconstructed by all but one of the detected rings, which was assumed to be e + ring. The ω invariant mass distribution for the proton decay MC is shown in the right panels of Fig. 12 . The lower invariant mass peak in the proton decay MC was due to the another ω meson decay mode of ω → π + π − π 0 .
Since the muon is invisible for the p → µ + ω mode, the total momentum corresponds not to the proton momentum, but to the ω meson momentum. Thus, the reconstructed momentum for the free proton decay in SK-I peaked around 100 MeV/c, which can be seen in Fig. 13 . In order to eliminate the background sufficiently, tighter total momentum cuts were applied for both modes: P tot < 150 MeV/c for p → e + ω and P tot < 200 MeV/c for p → µ + ω. The sharp cutoffs in the total invariant mass distributions for p → µ + ω (π 0 γ) in Fig. 13 correspond to the ω invariant mass cut. There is no total invariant mass cut applied to this mode.
Mode In this ω decay mode, the ω decays into two low momentum charged pions and a neutral pion. Their momenta are about 220 MeV/c. In order to find the low momentum non shower-type ring, PID with both a Cherenkov ring pattern and an opening angle was used for these modes. Due to the strong interaction of charged pions in water, finding both of the charged pion rings is difficult. Therefore, we required finding only one of the two charged pion rings. For the p → e + ω (p → µ + ω) mode, 4 (3) rings were required to be found in total. The efficiency of the number of rings cut was 27% (42%) for SK-I free proton decay MC of the p → e
Since one of the two charged pions was assumed to be invisible in the selection criteria, the invariant mass of the ω and the proton cannot be reconstructed. Instead of the ω mass reconstruction, the reconstructed π 0 invariant mass was required to be consistent with π 0 mass. As for the total invariant mass, the event selection criteria for the total mass were set to be lower than the normal event selection criteria, as shown in Fig. 13 and Table II . The selection windows were determined to reduce the atmospheric neutrino MC, though they were not wide enough to also allow in the free proton decay events.
For the p → µ + ω mode, both Michel electrons from the decay of µ + and π + were required to be found. Although the detection efficiency is decreased by a factor of 2, this cut reduced the background by an order of magnitude.
In order to reduce the background further, the reconstructed positron momentum was also required to be consistent with the positron momentum for the p → e + ω mode. This criterion reduced the background by a factor of 2, while the detection efficiency was decreased by about 20%.
In the proton decay of p → e + ρ 0 and p → µ + ρ 0 , the momentum of the charged lepton and ρ meson, which depends on the ρ meson mass with a width of Γ =149 MeV, is about 170 MeV/c. For p → µ + ρ 0 , the muon momentum can be lower than the Cherenkov threshold. The ρ meson decays into π + π − with a branching ratio of ∼100%. The two pions suffer from strong interactions with nucleons in water, and also in the nucleus in the case of a proton decay in an 16 O nucleus. Accordingly, a probability for finding all three Cherenkov rings from the charged lepton and the two charged pions is intrinsically very low. However, in order to reduce the background in the selection by total invariant mass and total momentum, all three rings were required to be found in order to reconstruct the mass and the momentum of the proton. The fraction of three-ring events was 50% and 27% for the free proton decay of p → e + ρ 0 and p → µ + ρ 0 , respectively. The lower efficiency for p → µ + ρ 0 was due to proton decay events with an invisible muon.
The charged pions from the decay of the ρ meson have a low momentum of about 300 MeV/c. Therefore, PID with both Cherenkov ring pattern and opening angle was used for both p → e + ρ 0 and p → µ + ρ 0 . The invariant mass of the ρ meson was reconstructed by two non shower-type rings and required to be between 600 and 900 MeV/c 2 , as shown in the center panels of Fig. 12 . Most of the events shown in ρ meson distributions were from free proton decay events. This means that the events from proton decays in an 16 O nucleus rarely survived the selection criteria on the number of rings and the PID.
For these mode searches, one extra Michel electron is expected from the π + decay, in addition to the one Michel electron from the µ decay. The number of Michel electrons were required to be consistent with this expectation.
The total momentum and total invariant mass distributions for the p → l + ρ 0 modes are shown in Fig. 14 . The p → e + ρ 0 mode had a relatively higher background rate than that of p → µ + ρ 0 mode. In order to reduce the background, a tighter total momentum cut of P tot < 150 MeV/c was applied for the p → e + ρ 0 mode.
All of the neutrons in an H 2 O molecule are bound in a nucleus. Because of this, all generated charged pions in neutron decay modes suffer from nuclear effects, and detection efficiencies for neutron decay searches tend to be lower compared with their corresponding proton decay searches.
In the neutron decay of n → l + ρ − , the ρ − meson decays into π − π 0 . The π 0 decays into two γ-rays. Accordingly, two shower-type rings and one non shower-type ring were required from the ρ − meson decay. One more shower-type ring from the positron was required for the n → e + ρ − mode search, while one more non shower-type ring from the muon was not required for the n → µ + ρ − mode search. In order to find the low momentum non shower-type ring, the PID with both a Cherenkov ring pattern and an opening angle was used for these modes. The fraction of 4-ring (3-ring) events was 9% (23%) for n → e + ρ − (n → µ + ρ − ). The invariant mass of the ρ − meson was reconstructed using two shower-type rings and one non shower-type ring and required to be between 600 and 900 MeV/c 2 . In addition to the ρ meson mass, a π 0 invariant mass cut was also applied. This additional cut reduced the atmospheric neutrino background by a factor of 2, while the loss of detection efficiency was about 10%.
The total momentum and total invariant mass distributions for the n → l + ρ − modes are shown in Fig. 14 . The tighter total momentum cut of P tot < 150 MeV/c was applied to reduce the background for the n → µ + ρ − mode because the nucleon invariant mass cannot be reconstructed for this mode due to the invisible muon.
The momentum of the charged lepton and charged pion in this mode is about 460 MeV/c, almost the same as that of p → l + π 0 . In these modes, a Cherenkov ring from the charged pion generated from the nucleon decay can be observed. Approximately 50% of the neutron decay events in SK-I were 2-ring events from the charged lepton and the charged pion. There was no event selection on the meson invariant mass for these modes. 
3π) and p → µ + ω (3π). These events satisfy the event selection criteria for each mode except for the selections on the total momentum and total mass. The boxes in the figures indicate the total momentum and mass criteria. For the p → µ + ω (π 0 γ) mode, the total invariant mass is equivalent to the meson invariant mass because a muon is invisible. The sharp cutoffs in the total invariant mass distribution correspond to the ω invariant mass cut. For the p → µ + ω (3π) mode, there are no such sharp cutoffs because the ω invariant mass cut is not applied to this mode. A candidate for p → e + ω (3π) was found in the SK-I data. 
These events satisfy the event selection criteria for each mode except for the selection on total momentum and total mass. The boxes in figures indicate the total momentum and mass criteria. For the n → µ + ρ − mode, no total invariant mass cut is applied and the sharp cutoffs on the total invariant mass correspond to the ρ − invariant mass cut threshold. A candidate for each p → µ + ρ 0 and n → e + ρ − was found in the SK-I data.
For the total invariant mass reconstruction in the n → µ + π − mode, it is necessary to determine which ring was made by the muon or the charged pion. As described before, the ring combination which falls closest to the neutron mass was selected. This resulted in a narrower invariant mass distribution for n → µ + π − than that for the n → e + π − MC, as shown in Fig. 15 .
B. Search Results in the SK-I and SK-II data
The result of the nucleon decay searches are summarized in Table IV . The detection efficiencies, expected backgrounds and number of candidate events are shown in the table. The number of events and detection efficiencies at each event selection step are shown in Fig. 6 for the three typical nucleon decay mode searches. Figure 6 shows the consistency between the observed data and the atmospheric neutrino background in terms of the number of events.
Because of the difficulty in detecting charged pions in a large water Cherenkov detector, the efficiencies for modes with charged pions are relatively lower. For the modes with only Cherenkov rings from a charged lepton (e or µ) and γ, high efficiencies were achieved. The highest efficiency mode is p → e + π 0 . Its efficiency is 87% for free proton decay events. Also, the efficiencies for the SK-I free proton decay events in p → e + η (2γ), p → e + η (3π 0 ) and p → e + ω (π 0 γ) are 74%, 67% and 83%, respectively. Nevertheless, the total efficiencies for these modes are much lower than p → e + π 0 due to the lower branching ratios for the meson decay modes.
The detection efficiencies in SK-II are lower than in SK-I. However, the difference is a only few percent for the modes with high detection efficiencies (p → e + π 0 , p → e + η, etc.) and less than about 17% even for the modes with low efficiencies as shown in Table IV . Therefore, nucleon decay searches using SK-II data are comparable to those using SK-I data. The estimated background rates of SK-I and SK-II are also comparable to each other.
Charged current pion production from neutrino interactions was the dominant background source for most of the studied nucleon decay modes. The breakdown of background events is shown in Table V . Pions produced by neutrino interactions and/or hadronic interactions in nuclei and/or in water can mimic the event signatures of nucleon decay signals with a charged lepton. There was also a considerable contribution for the p → l + π 0 mode background from charged current quasielastic scattering (CCQE). A typical background event from CCQE is shown in Fig. 16 . This is because a highly energetic proton (> 1 GeV/c) produced by the interaction and scattered in water produces a secondary pion. Backgrounds of high ring multiplicity modes (four-ring or five-ring events) such as p → l + η(3π) or p → l + ω(3π) have relatively higher fractions of multi-pion production events and has less dependency on whether the interaction is charged current or neutral current.
The consistency of the neutrino interactions and the nuclear effects was checked by comparing background estimations between our MC and NUANCE [38] . NU-ANCE has different models of neutrino interactions and nuclear effects. The atmospheric neutrino MC generated with NUANCE used the same atmospheric neutrino flux equivalent to 100 years (2.25 megaton·years exposure) and the same detector simulation. The results of these two estimates are also shown in Table IV . Estimates obtained with NUANCE MC were consistent with results from our MC in most of the modes.
In total, six candidate events were found in the SK-I and SK-II data in the modes;
As can be seen from Figures 11, 13, 14, 15 , every candidate event was around the threshold of the selection window of total momentum and total invariant mass cut. A candidate event for p → e + ω (3π) (Fig. 17) has a vertex around the center of the detector and the smallest total momentum of all candidates, although there might be a PID misidentification for this event, which is described in the caption of the figure.
These candidates were found in the five modes. For the p → µ + η (3π 0 ) mode, there were two candidate events. The probability of observing more than two events from the expected background was calculated without systematic errors to be 7.5%. For the other modes with a candidate event, probabilities to observe one candidate from the expectations are about 30% for each. Because the probabilities for observing one (two) or more background events in our sample are not so small for the 16 decay modes, we cannot take the candidates as serious evidence of nucleon decay. Moreover, the number of background events in total was 4.7 events. Consequently, the number of candidates is consistent with the estimation by the atmospheric neutrino MC. Therefore, nucleon partial lifetime limits were calculated in Section VI D.
C. Systematic Errors
Systematic errors for detection efficiencies and background estimations are described in this section. As for the exposure, the systematic errors of detector size and livetime are less than 1% and negligible.
Systematic Errors of Detection Efficiency
a. Nuclear Effect In most of the modes, meson (π, η, ω) nuclear effects (meson-nucleon interactions in a nucleus) have large effects on detection efficiencies and can be a dominant error source.
b. π nuclear effect The systematic uncertainties of π nuclear effects were estimated by comparing the nuclear effect simulation with another simulation result based on the model used by the IMB experiment [39] because there are no suitable experimental data which can be used for 28%  21%  5%  4%  9%  CC 1-π  32%  51%  20%  25%  45%  CC multi-π  19%  14%  24%  29%  14%  CC others  2%  6%  13%  7%  4%  NC  19%  9%  37%  35%  28% TABLE V. The breakdown of the neutrino interaction modes of the background events. The breakdowns are calculated by simply adding background events of the modes decaying into each meson except for that of p → e + π 0 .
FIG.
16. An example of a background event for the p → e + π 0 mode in the atmospheric neutrino MC. An electron neutrino interacts with a neutron by CCQE and produces an electron and a proton. One ring from the electron and the other two rings from the decay of a π 0 , which is produced by a secondary interaction of the proton in water, mimic a proton decay signal from p → e + π 0 . Solid line circles show reconstructed rings.
the systematic error estimation with enough precision at the moment. The comparison of the fraction of final states for the proton decay of p → e + π 0 in 16 O nuclei is shown in Table VI . The detection efficiency directly depends on the probability of the π 0 escaping without any scattering. There is a 10% difference in that probability between the two models. This difference corresponds to a 15% difference in the total detection efficiencies of p → e + π 0 and p → µ + π 0 . The escape probability difference described above for the p → e + π 0 mode is equivalent to ∼ 40% difference in the total cross-section of the π nuclear effect. Thus, this difference in the total cross-section was used for the systematic error estimates from π nuclear effects for the other nucleon decay modes, since detailed results of the IMB simulation were not available for those modes. As for the n → e + π − mode, the effect on the π − escape probability from a 40% uncertainty on the π nuclear effect was estimated by the nucleon decay simulation. This effect corresponds to a 20% difference in the total detection efficiency for n → e + π − . It is greater than that for p → e + π 0 because there are no free (unbound) nucleon decay events for n → e + π − . c. η nuclear effect The systematic uncertainty of η nuclear effects was estimated in Section III A 2 by comparing the experimental η photoproduction cross-section with the simulated cross-section. The estimated error for the η-nucleon cross-section in 16 O nuclei was a factor of 2. Table VII shows the effects of the systematic uncertainties of the cross-section on the fraction of η meson final
σ × 2 no interaction 56% 73% 43% scattered 6% 4% 5% no η survived 38% 23% 53% states from a proton decay in 16 O. The events in which no η meson escapes from a nucleus hardly passed the selection criteria. The efficiency for the events in which the η meson was scattered in the nucleus was less than ∼ 1/4 of the efficiency for the events without any interactions in a nucleus. Therefore, effects on the detection efficiency could be estimated almost entirely by the change of the escape probability with no interaction in a nucleus. The estimated errors corresponded to a ∼ 20% error in total detection efficiencies for p → e + η and p → µ + η. d. ω nuclear effect The systematic uncertainty of ω nuclear effects was a factor of 3, which was estimated by the comparison of the ω-nucleon cross-section for the theoretical calculation and the extracted data from the ω photoproduction experiment as described in Section III A 3.
26% 52% 25% 51% The effect of the factor of 3 uncertainty of the crosssection has a large effect on the fraction of ω meson final states from p → e + ω and p → µ + ω in an 16 O nucleus, as shown in Table VIII . However, these effects correspond to only a ∼ 20% error on the total detection efficiency, since the fraction of free proton decay events, which do not suffer from nuclear effects, in the total surviving events was 40 ∼ 60 % for the p → e + ω and p → µ + ω search. e. Hadron Propagation in Water In some of the nucleon decay mode searches, Cherenkov rings from charged pions were required to be found. Charged pions strongly interact with nucleons in water. Thus, whether charged pion rings can be observed or not depends on their hadronic interactions in water.
The uncertainty of the charged pion hadronic interaction cross-section in water was considered to be 10% by comparing the detector simulation with experimental data [40, 41] .
Only for the systematic errors on the background, the uncertainty of the pion production probability by high momentum (> ∼1 GeV/c) hadrons was also considered.
This error of the production probability was conservatively set to 100%.
f. Fraction of N -N Correlated Decay As described in Section III A, 10% of nucleons in an 16 O nucleus are assumed to correlate with another nucleon. Such a decay is calculated as a three-body decay. The detection efficiency for this decay can be very low. The uncertainty for this fraction was conservatively set to 100%.
g. Fermi Motion The total momentum of a bound nucleon decay event corresponds to the Fermi motion of the source nucleon. The systematic error from the uncertainty of the Fermi motion was estimated by comparing the distributions used in the simulation with the Fermi gas model or by changing the momentum by ±20%. If a tighter total momentum cut is used, the systematic error from the Fermi motion can be large.
h. Fiducial Volume The systematic errors from the fiducial volume were estimated by the difference in the number of events for reconstructed and true vertices of multi-ring events. The estimated errors were 3% and 2% for SK-I and SK-II, respectively. This error can directly affect the detection efficiencies, but its magnitude is negligible compared with other systematic errors.
i. Momentum Scale The uncertainty of the momentum scale was estimated to be 1.1% (1.7%) in SK-I (SK-II) by the quadratic sum of the uncertainties of the absolute momentum scale and the time variation described in Section V B. The momentum scale non-uniformity in the detector was within ± 0.6%. The non-uniformity can cause momentum imbalance of an event, leading to a 1.2% error for the total momentum.
The systematic errors on the efficiencies were estimated by the changing the threshold of the momentum and mass in the selection criteria. These two errors have negligible effects.
j. PID, Ring Counting and Cherenkov Opening Angle The systematic error of the particle identification was estimated by comparing the likelihood difference (non shower-type likelihood -shower-type likelihood) distributions of observed data and atmospheric neutrino MC. The ring counting systematic error was also estimated by the same method. Those likelihood difference distributions of the data and MC agree well with each other, and systematic errors from the PID and the ring counting were estimated to be negligible.
As for the Cherenkov opening angle, the systematic error of the Cherenkov opening angle was estimated to be 0.7 (0.5) degrees in SK-I (SK-II) by comparing the opening angle distributions of the observed data and atmospheric neutrino MC for non-primary (not most energetic) non shower-type rings in fully contained subGeV events (in which visible energy is below 1.33 GeV). Charged pion momentum reconstruction largely depends on the opening angle. Thus, the systematic errors for the modes which need to reconstruct the charged pion momenta can be relatively large.
k. Vertex Shift The vertex position was reconstructed at the beginning of the event reconstruction.
The reconstructed vertex can affect all of the following reconstruction algorithms like the ring counting, the PID, the momentum determination, etc.
The systematic error from the uncertainty of the vertex position was estimated by shifting the reconstructed vertex by 30 cm along the direction of the most energetic particle momentum. This was a conservative estimate since the systematic shift on that direction could cause largest error on the other event reconstructions. The shift length 30 cm corresponds to the typical resolution scale for the nucleon decay events as well as the scale of the uncertainty of the vertex position estimated by comparing different vertex fitting algorithms.
l. Summary of the Systematic Errors of Detection Efficiencies Table IX summarizes the results of the systematic error estimation for detection efficiencies of all modes. The systematic errors for detection efficiencies were about 20 ∼ 30% except for the much large error of the n → l + ρ − mode. Systematic uncertainties of nuclear effects are the dominant error sources for most of the modes. For the n → e + ρ − and n → µ + ρ − modes, the systematic errors from the pion nuclear effects are very large because both of the pions from the ρ meson decay were required to escape from the nucleus. Positive and negative errors were individually estimated especially for these two modes. On the other hand, p → e + ρ 0 and p → µ + ρ 0 has a comparably smaller error since most of the surviving events in these modes are free proton decay events. The uncertainty of Fermi motion can be a dominant error source especially in modes using a tight total momentum cut like p → e + η (3π 0 ). Another important error is the reconstruction biases from the Cherenkov opening angle reconstruction and the vertex shift. These biases mostly contribute errors for the modes which require charged pion momentum reconstruction.
These dominant errors are mostly common in SK-I and SK-II. There are no significant differences between the systematic errors of SK-I and SK-II.
Systematic Errors of Background Estimation
For the background estimations from atmospheric neutrinos, the uncertainties of atmospheric neutrino flux and neutrino cross-sections were considered. The systematic uncertainties of pion nuclear effects, hadron propagation in water and the detector performance were also considered as well as the detection efficiencies.
Even with the large statistics of the atmospheric neutrino MC, only a few tens of events can survive the nucleon decay event selection criteria. In order to reduce statistical errors for the systematic error estimation of the background, systematic errors were estimated by averaging the estimations of SK-I and SK-II because they were basically common as described in the error estimation for the detection efficiencies. Moreover, for the modes with the same meson decay modes, systematic errors from the uncertainties of pion nuclear effects and hadron interactions in water were estimated by averaging the estimations of different charged lepton modes.
Almost the same systematic uncertainties as the atmospheric neutrino oscillation analysis in the SuperKamiokande experiment were considered for the errors from the neutrino flux and the neutrino interaction. The details of the source of the uncertainties are given in [36, 42] . The systematic errors from the neutrino flux were estimated to be 6 ∼ 8%, and mostly due to the uncertainty of the energy spectrum. These errors are negligible compared with the other much larger errors. The systematic errors from the neutrino interactions were also estimated to be negligible, 8 ∼16 %.
The estimated systematic errors for the backgrounds are shown in Table X . The systematic errors for the backgrounds ranged from about 40 to 70%. One of the dominant errors comes from the uncertainty of the pionnucleon cross-section and the pion production probability in water. The errors from the detector and event reconstruction performances also have non-negligible contributions. The number of background events is very sensitive to the error of energy and momentum, since surviving background events are usually distributed around the threshold of the selection window of momentum and invariant mass. Therefore, the systematic error from the energy scale stability, which was negligible for the detection efficiencies, was estimated to be about 10 ∼ 20%. The systematic shift of the reconstructed vertex can cause errors in the Cherenkov opening angle and opening angles between two particles, which are important for momentum and mass reconstruction. For the same reason as energy scale, the systematic error from the vertex shift was larger than that for the detection efficiency, and estimated to be about 10 ∼ 50%.
D. Lifetime Limit
The observed data in SK-I and SK-II are consistent with the atmospheric neutrino MC. Consequently, lower limits on the nucleon partial lifetime were calculated.
The partial lifetime limit for each mode is derived from Bayes' theorem which incorporates systematic errors. Because the nucleon decay search is a counting experiment, the probability to detect n events is given by Poisson statistics as follows.
where Γ is the true decay rate, λ is the true exposure, ǫ is the true detection efficiency, b is the true number of background events, and P(A|B) is the conditional probability of A, given that proposition B is true. Applying Bayes' theorem allows us to write: where A is the constant to normalize P(Γλǫb|n). Because the decay rate, the detection efficiency, the exposure and the background are independent, P(Γλǫb) can be separated into constituents.
The probability density function of Γ can be defined as;
where P(Γ), P(λ), P(ǫ) and P(Γ) are the prior probability distributions, in which systematic uncertainties can be incorporated. The priors for the exposure, the detection efficiency and the background are assumed to be truncated Gaus-sian distributions defined as;
where λ 0 (σ λ ), ǫ 0 (σ ǫ ) and b (σ b ) are the estimates (systematic errors) of the detection efficiency, the exposure and the background, respectively. If the systematic error for the detection efficiency is assumed to be asymmetric, the prior P(ǫ) is an asymmetric Gaussian. The prior for the decay rate is assumed to be uniform. This is implicitly assumed when calculating limits by simple Poisson statistics without systematic errors.
where Γ cut is the upper limit of the decay rate for the calculation of the normalization constant A in order to avoid divergence. The upper limit Γ cut is set to be 10
years −1 , which is sufficiently larger than the limits by the previous experiments.
By integrating Equation (9) using the priors, the confidence level can be calculated as;
Lifetime limits are obtained by:
The combined result of SK-I and SK-II is also derived by the method described above. The probability to detect n 1 events in SK-I and n 2 events in SK-II is the product of the two Poisson probabilities. P(n 1 , n 2 |Γλ 1 ǫ 1 b 1 λ 2 ǫ 2 b 2 ) = P(n 1 |Γλ 1 ǫ 1 b 1 )P(n 2 |Γλ 2 ǫ 2 b 2 ) (14) We apply Bayes' theorem assuming that the decay rate, the exposure, the detection efficiency and the background are independent: P(Γλ 1 ǫ 1 b 1 λ 2 ǫ 2 b 2 |n 1 , n 2 ) = 1 A P(n 1 , n 2 |Γλ 1 ǫ 1 b 1 λ 2 ǫ 2 b 2 ) × P(Γ)P(ǫ 1 , ǫ 2 )P(λ 1 , λ 2 )P(b 1 , b 2 ).
Most of the dominant systematic uncertainties like the nuclear effects and hadron propagation in water are common between SK-I and SK-II. Therefore, the systematic errors of SK-I and SK-II are assumed to be fully correlated with each other, which gives conservative lifetime limits for this method. Then, the priors for the exposure, the detection efficiency and the background of SK-I and SK-II are expressed as:
P(x 1 , x 2 ) = P(δ x ) ∝ exp − where δ x is a correlated error factor for SK-I and SK-II defined as follows:
(x = λ, ǫ, b) λ 0i , ǫ 0i and b 0i are the estimated exposure, detection efficiency and background for SK-I and SK-II, respectively. The statistical error of the background MC is ignored because of the much larger systematic errors.
Finally the probability density function can be expressed as:
n 2 ! ×P(Γ)P(δ ǫ )P(δ λ )P(δ b )dδ ǫ dδ λ dδ b . (18) The confidence level and lifetime limit are calculated by integrating this probability density function as in Equations 12 and 13.
For a mode with two different meson decay modes like η → 2γ and η → 3π 0 , the efficiencies and the backgrounds were simply added because such different meson decay mode searches are independent. The systematic errors on the detection efficiencies and the backgrounds were also simply added assuming 100% correlation.
The nucleon partial lifetime limits at 90% confidence level were obtained and summarized in Table IV and also shown in Fig. 18 .
VII. CONCLUSION
Nucleon decays into a charged anti-lepton (e + and µ + ) plus a light meson (π 0 , π − , η, ρ 0 , ρ − and ω) were searched for in 91.7 and 49.2 kiloton·year exposures of the SK-I and SK-II data, respectively.
Performances for nucleon decay searches were compared between SK-I and SK-II. The observation in the SK-II period had similar performance to that in the SK-I period even though the photocathode coverage was half of SK-I.
No evidence for proton decays via the p → e + π 0 mode was found, though this mode has the highest detection efficiency and is the dominant proton decay mode in various GUT models. Six candidate events were found in the SK-I and SK-II data for the five largest-background modes. The total expected background from atmospheric neutrinos was 4.7 events. The number and features of candidate events are consistent with the background estimate by the atmospheric neutrino MC.
Nucleon partial lifetime limits were calculated based on Bayes' theorem. The lower limit on the partial lifetime of the proton via the p → e + π 0 mode was calculated to be 8.2 × 10 33 years at 90% confidence level. , KAMIOKANDE-I+II [5] and FREJUS [43] .
As for the p → e + π 0 and p → µ + π 0 modes, we have applied the same set of cuts to an increased exposure of the Super-Kamiokande detector and found no candidates. The new exposure includes running periods of SK-III and SK-IV. SK-III has restored photocoverage of 11100 PMTs, but with the acrylic shields introduced for SK-II. The SK-IV running includes new electronics. The same proton decay signal and atmospheric neutrino Monte Carlo methods were used to estimate the signal efficiency and background. We found for SK-III the efficiency for p → e + π 0 to be 45.2% and the efficiency for p → µ + π 0 to be 36.3%, with background rates of 1.9 events/megaton·year and 2.5 events/megaton·year respectively. For SK-IV we found the efficiency for p → e + π 0 to be 45.0% and the efficiency for p → µ + π 0 to be 43.9%, with background rates of 1.7 events/megaton·year and 3.6 events/megaton·year respectively. These numbers are consistent with the efficiencies and background rates presented in this paper, with the exception that the increased efficiency for p → µ + π 0 in SK-IV is attributed to an increased efficiency for muon-decay electron finding due to the improved electronics of SK-IV. The distributions of total invariant mass and total momentum are substantially similar to those for SK-I and SK-II presented in Fig. 10 . As a result of finding no candidates, we also report an updated lifetime limit for 219.7 kt-years of SK-I, II, III, and IV exposure, finding τ /B > 1.29 × 10 34 years for p → e + π 0 and τ /B > 1.08 × 10 34 years for p → µ + π 0 at 90% CL. The obtained lower partial lifetime limits via the other modes except for n → e + ρ − and n → µ + ρ − are also more stringent than the previous limits by IMB-3 or KAMIOKANDE-I+II. They range from 1.6×10
32 to 6.6 × 10 33 years. The obtained lifetime limits for the n → e + ρ − and n → µ + ρ − modes are 7.0×10 31 and 3.6 ×10 31 years, respectively. They are less stringent than the IMB-3 result. For the case of the n → e + ρ − mode, the signal efficiency and estimated background in IMB-3 are 49% (without uncertainty) and 6.3 × 10 2 events/megaton·year, respectively, with the cuts optimized to obtain the best lifetime limit expectation. On the other hand, we applied tighter selection criteria to reduce the huge backgrounds to 2.7 events/megaton·year, resulting in a smaller signal efficiency with an assigned uncertainty of 1.7
+1.0 −0.7 %. The smaller efficiency and determined uncertainty are the main reasons why the obtained limit is less stringent than IMB-3. The same applies to the n → µ + ρ − mode. This systematic study does not rule out specific GUT models, such as SUSY SU(5), SO(10) and so on, but can constrain parameters relevant to nucleon decay mediated by a super-heavy gauge boson.
